[1] Tropical cyclone track is strongly controlled by the large-scale environmental circulation. In limited-area models (LAMs) driven by global analyses or forecasts through a conventional lateral boundary nesting approach, the global analyses are often distorted by the use of "sponge zone" or interpolation when they are passed into the LAM. In this study, a dynamical downscaling approach based on scale-selective data assimilation (SSDA) is applied to a limited-area numerical weather prediction model with emphasis on tropical cyclone track simulation. The idea of the SSDA approach is to drive the LAM not only from the lateral boundary but also from the model domain interior. The large-scale flow from global analyses or forecasts is assimilated into the regional model using 3-D variational data assimilation. The large-scale features in the LAM are thus constrained to follow the global analyses while allowing the regional model itself to develop the regional and small-scale characteristics. The results from the case study of Hurricane Katrina (2005) show that both large-and small-scale flows in the regional model benefited from the SSDA approach, leading to an improvement in the accuracy of storm track simulation when provided with an accurate large-scale circulation from global analyses. In addition, the SSDA procedure is shown to be an effective method to construct a nested-grid regional modeling system that reduces model sensitivity to model domain geometry and location.
Introduction
[2] Forecasting tropical cyclone (TC) tracks is one of the most important tasks in weather forecasting. Accurate forecasting of the location of TC landfall is a prerequisite for the formulation of an effective strategy for the prevention and mitigation of TC-induced disasters. Although continuous improvements have been made in TC track forecast in the last several decades [McAdie and Lawrence, 2000; Aberson, 2001] , considerable track forecast error still exists. The 5 year (1994) (1995) (1996) (1997) (1998) averaged official National Hurricane Center (NHC) track forecast errors in the Atlantic basin are 156, 280, and 409 km at 24, 48, and 72 h, respectively [McAdie and Lawrence, 2000] . Powell and Aberson [2001] concluded that TC landfall forecast errors have not improved significantly since 1976.
[3] TCs, generated over the warm sea surface, are relatively small vortices embedded in the large-scale environmental circulation and move approximately in the direction of the steering flow, which is generally estimated based on vertical (from 100 to 1000 hPa) and annular (within a radius of 5°to 7°latitude of the TC) averages [e.g., Velden and Leslie, 1991; Chan and Gray, 1982] . It is well known that the large-scale environmental flow plays a major role in steering the TC [Harr and Elsberry, 1991; Carr and Elsberry, 2000] . The steering environmental flow can explain most of the variability in TC motions. Thus the accuracy of TC track forecast is dependent on the accuracy of the forecasting of the largescale environmental circulation.
[4] Limited-area numerical weather prediction (NWP) models remain an indispensable tool for TC track forecasting. Traditionally, limited-area models (LAMs) are nested in the global model by specifying lateral boundary conditions through a sponge zone technique using a relaxation procedure [Davies, 1976] . The model solution in the LAM is thus determined by a dynamical equilibrium between the lateral boundary information and the internal model physics and dynamics [Giorgi, 2006] . However, this conventional nesting-down method inevitably distorts the information transmitted from the global model into the LAM, leading to a mismatch between the solutions of the LAM and the global model. The large-scale features resolved by the LAM may be better described in the global model [Waldron et al., 1996] . For the weather phenomena that are controlled primarily by local and regional processes and are properly resolved by the LAM, the errors of the external large-scale circulation may not result in a serious degradation of the solution of the LAM; however, for those regional-scale processes that are driven by global scale, the solution of the LAM may be affected by the errors of the large-scale circulation caused by the conventional sponge zone technique. Thus a stronger control from the global model than prescribing lateral boundary condition alone is desired and required. Track forecasting for a TC is strongly dependent on the accuracy of the simulated largescale environmental circulation. Because of the limited area and the ill-conditioned boundary problems in a regional numerical model, the large-scale flow generated from the regional model often contains unphysical biases, resulting in poor track forecasts.
[5] Large-scale features are more accurately simulated in the global models, while small-scale ones are better captured in high-resolution LAMs. Thus several alternate approaches in addition to the conventional nesting technique were developed in regional modeling studies. The "perturbation method" was used in nesting the National Centers for Environmental Prediction (NCEP) Regional Spectral Model within a Global Spectral Model, through which the perturbation obtained from the regional model is added to the largescale base state from the global model to compose the full field in the regional model [Juang and Kanamitsu, 1994; Juang et al., 1997; Juang and Hong, 2001] . A similar approach, referred to as "spectral nudging" [Waldron et al., 1996; von Storch et al., 2000] was utilized to provide largescale forcing in the regional model domain interior to ensure that the large-scale circulation in the LAM was consistent with that from the global analyses or forecasts. Nudging terms formulated in spectral domain were added in model equations to only nudge the large-scale solution in the LAM to that from the global forcing, while allowing the LAM to develop its small-scale dynamics. The spectral nudging approach has been widely used in regional climate dynamical downscaling studies [Weisse et al., 2005; Miguez-Macho et al., 2005; Meinke et al., 2006; Kanamitsu, 2007a, 2007b; Kanamitsu and Kanamaru, 2007; Xue et al., 2007] , seasonal TC activity simulations [Knutson et al., 2007; Feser and von Storch, 2008a] , and a typhoon case study [Feser and von Storch, 2008b] . In addition, an analysis-nudging fourdimensional data assimilation (FDDA) technique was used in regional weather and climate simulations Seaman, 1990, 1994; Stauffer et al., 1991; Deng and Stauffer, 2006; Castro et al., 2005] , in which all scales in the regional model were nudged toward the global model. Rockel et al. [2008] compared the spectral nudging technique with the FDDA grid-nudging technique and pointed out that the spectral nudging technique permits more added variability at smaller scales than the FDDA approach. However, nudging techniques usually add nudging terms to model equations that could not be physically justified. Peng et al. [2010] suggested the use of a scale-selective data assimilation (SSDA) approach to drive the LAMs from global analyses or forecasts in the model interior as well as through specifications of lateral and lower boundary conditions. The idea of the SSDA approach is similar to that of the spectral nudging technique, but it provides a dynamically more consistent method than the spectral nudging technique by using the 3-D variational data assimilation (3DVAR) method. Peng et al. [2010] applied the SSDA approach to a seasonal climate hindcasting for the North Atlantic Basin and eastern United States and found that the large-scale components from the global analyses can be effectively transmitted into the regional model, resulting in considerable improvements in the overall regional model simulation results. In this study, the SSDA approach is applied to TC track simulation. A case study of Hurricane Katrina (2005) is carried out to demonstrate the benefit of SSDA in storm track simulation driven by large-scale circulation from global analyses.
[6] Another issue in regional weather and climate simulations using LAMs is the sensitivity of the simulated weather and climate to model domain size and position. In a review of the progresses in regional climate modeling, Giorgi [2006] pointed out that several technical issues, including the choice of domain size and location in relation to model resolution and the placement of domain boundaries, need to be carefully considered in the design of regional climate simulation experiments. Landman et al. [2005] indicated that model domain choice is important in the simulation of TC-like vortices in the southwestern Indian Ocean. Recent studies show that the spectral nudging technique, which drives the regional model from the domain interior, could reduce the dependency of the model performance on the domain position and geometry in regional model simulations [Miguez-Macho et al., 2004; Xue et al., 2007] . In this study, a set of experiments is thus designed to examine whether the use of the SSDA approach also leads to reduced sensitivity of simulated storm track to model domain position.
[7] The rest of this paper is organized as follows: Section 2 gives a detailed description of the SSDA approach, the regional NWP model, the 3DVAR data assimilation method, and the data used in this study. Section 3 describes the experiment setup. The results are presented in section 4, followed by concluding remarks in section 5.
The SSDA System
[8] In this study, the SSDA approach is employed to blend the large-scale components of the circulation from the global model with the regional model for TC track simulation. The SSDA approach involves a low-pass filter that is used to extract the large-scale circulation from the global model forecasts or analyses and perform the scale separation of the circulation from the regional model. The large-scale circulation from the global model is then assimilated into the regional model using a 3DVAR method. The small-scale components of the circulation are allowed to develop in the regional domain in accordance with the dynamics and physics of the regional model with higher resolution. The SSDA approach is conducted periodically at preset intervals as the regional model integrates forward. The entire procedure as discussed by Peng et al. [2010] can be described briefly as follows: (1) Apply the low-pass filter to the global analyses or forecasts to extract the large-scale components of circulation; (2) apply the low-pass filter to regional model output to separate the large-and small-scale components of circulation; (3) assimilate the large-scale components from the global model into the regional model to correct the large-scale circulation using the 3DVAR method; and (4) combine the small-scale components from the regional model (obtained in step 2) with the updated large-scale components (obtained in step 3) to obtain the full-scale circulation and continue integrating the regional model to the next SSDA cycle.
[9] Since the TC track is predominately steered by the large-scale environmental circulation, only the wind field is considered in the SSDA procedure in this study. Thus the filtering process is only applied to the wind field.
[10] The limited-area NWP model employed in this study is the Weather Research and Forecasting (WRF) model (Skamarock et al. [2005] ; WRF version 2 modeling system user's guide, available online at http://www.mmm.ucar.edu/ wrf/users/docs/user_guide) with the Advanced Research WRF core. It features a fully compressible, Eulerian nonhydrostatic control equation set, a terrain-following, hydrostatic pressure vertical coordinate system with the top of the model being a constant pressure surface, a horizontal Arakawa-C grid, and a third-order Runge-Kutta time integration scheme. The WRF model incorporates physical processes, including microphysics, cumulus parameterization, planetary boundary layer (PBL), surface layer, land surface, and longwave and shortwave radiations, with several options available for each process. It supports idealized and real data applications with various lateral boundary condition options, as well as analysis-nudging techniques.
[11] The WRF-3DVAR data assimilation system [Barker et al., 2004] is used to assimilate the large-scale circulation from global analyses into the WRF model. WRF-3DVAR is based on an incremental variational data assimilation technique, using the conjugate gradient method to minimize the cost function in analysis control variable space. The separation of large-and small-scale flows is achieved by using the discrete fast Fourier transform together with a detrending program dealing with aperiodic lateral boundary. For more details about the SSDA scheme, see Peng et al. [2010] .
[12] In this study, the NCEP Final Global Analysis data from the Global Forecast System (GFS) are used to drive the WRF model through initial and lateral boundary conditions. The GFS global analyses are available every 6 h on 1.0 × 1.0 degree grids from surface up to 10 hPa. Generally, the global analyses capture the large-scale flow reasonably well, while the small-scale characteristics remain unresolved due to the relatively coarse grid resolution. By using the SSDA approach, the large-scale wind components from the global analyses are assimilated into the regional model to drive the regional model from the domain interior. NCEP North American Regional Reanalysis (NARR) data are used to validate the regional model simulation results, which have a comparable grid spacing to that of the regional model used in this study.
Experimental Design and Model Settings
[13] The track simulation of Hurricane Katrina in 2005 is chosen for this study to demonstrate the feasibility and effectiveness of the SSDA approach in TC track simulation when provided with accurate large-scale circulation from global analyses. Hurricane Katrina was the costliest and one of the five deadliest hurricanes to ever strike the United States, and it was also one of the most devastating natural disasters in U.S. history [Knabb et al., 2005] Figure 1 . WRF has 30 sigma levels in the vertical direction with the model top at 50 hPa. The integration time step is 120 s. The model results are outputted at 6 h intervals. The WSM5 microphysics scheme [Hong et al., 2004] , Kain-Fritsch cumulus scheme Fritsch, 1990, 1993] , YSU PBL scheme [Hong et al., 2004] , and Dudhia shortwave [Dudhia, 1989] , and rapid radiative transfer model (RRTM) longwave [Mlawer et al., 1997] radiation scheme are chosen in this simulation. The initial and lateral boundary conditions are provided by NCEP GFS global analyses with a grid spacing of 1°. The sea surface temperature field, which also comes from NCEP GFS analyses, is updated every 6 h. The control run (CTRL) is a basic configuration of WRF in which the model is forced only through conventional sponge zone lateral boundary conditions. In the SSDA experiment, the SSDA technique is employed to force the regional model in the domain interior during the model integration by assimilating the large-scale wind fields from the GFS analyses into the regional model every 6 h using 3DVAR. As the model domain extends 4320 km in the zonal direction, by using the low-pass filter with a cutoff wave number of two, the wind components with wavelengths longer than 2160 km are retained and assimilated into the regional model. It should be noted that only large-scale wind fields above the 13th sigma level with the sigma value of 0.850 (about 850 hPa) are used in the 3DVAR data assimilation. The regional model is allowed to adjust the low-level fields based on its own regional topography and land-sea characteristics. This practice of only constraining large-scale fields above the PBL in the regional model was commonly used in the downscaling studies using spectral nudging techniques [e.g., von Storch et al., 2000] . In addition, an experiment using an analysisnudging FDDA technique Seaman, 1990, 1994; Deng and Stauffer, 2006] is included in this set of experiments. Analysis-nudging FDDA nudges the full fields in the regional domain toward those from global analyses. Thus both large-and small-scale components in the regional domain are constrained by the FDDA. To be consistent with the SSDA experiments, only wind fields from GFS analyses above the thirteenth sigma level (about 850 hPa) are used in the analysis-nudging FDDA approach.
[15] The second set of experiments is designed to demonstrate that using the SSDA technique can reduce the sensitivity of simulated TC track to the choice of domain position. In this set of experiments, the simulation period is from 0000 UT 27 August 2005 to 0000 UT 30 August 2005. The model domain is reduced somewhat from that in the first set, with 87 × 85 grid points with the same 36 km grid spacing. Two domain locations are selected: one (see D1 in Figure 1) is centered at 29.5°N, 86°W and the other (see D2 in Figure 1 ) is centered at 29.5°N, 90°W. In each domain, two experiments are carried out: a control run (CTRL1 or CTRL2) and a SSDA run (SSDA1 or SSDA2). Other model settings in the CTRL and SSDA runs are the same as those in the first set of experiments.
[16] Note that the horizontal grid size of 36 km is about one third of the global model grid size, but it is still relatively coarse. The reason for using the relatively coarse grid in this study is threefold: (1) the results will be on a grid that is comparable to the independent NARR reanalysis data set for model verification; (2) the 36 km grid size is relatively inexpensive computationally and is a good starting point for testing the effectiveness and feasibility of the SSDA method; and (3) the 36 km grid size is approximately one third of the grid size of the global GFS model data, which is a typical grid size ratio used in model nesting.
Results

Track and Landfall Errors
[17] The simulated tracks by the first set of experiments are compared with the "best track" determined by the NHC after postanalysis of all available data. In this study, two kinds of simulated track errors are considered: the track position error (TPE) and the landfall position error. The track position error (in km) is defined as the great circle distance between the storm location in the best track data and the simulated storm center valid at the same time. It can be calculated through [Neumann and Pelissier, 1981 
where l O and 8 O are longitude and latitude of the storm center in the best track data and l S and 8 S are longitude and latitude of the simulated storm center for each experiment.
[18] Figure 2 shows the simulated storm track of Hurricane Katrina for each experiment, together with the best track from NHC and the track in GFS analyses. The track of the control run curved northward much earlier than the best track. Within the first two SSDA cycles, the track of the SSDA experiment follows the track of the control run. After that, the assimilation of large-scale flow from the GFS analyses gradually corrected the simulated track error and as a result the simulated track followed much more closely with the best track. As the FDDA experiment nudges both large-and small-scale flows to the global analyses, the simulated storm track was also close to the best track, especially after 0000 UT 27 August 2005. Table 1 gives the simulated storm track position errors for experiments CTRL, FDDA, and SSDA. One can see that the simulated storm track position errors (from 18 to 96 h) for the SSDA experiment are smaller than those for the control run. The track position errors from the control run gradually increase with the simulation hours. In Figure 1 . Locations of the model domains used in the experiments. D0 is used in the first set of experiments; D1 and D2 are used in the second set of experiments.
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contrast, the track position errors from the SSDA run remain less than about 90 km after several cycles of adjustments. The mean track position error over the 4 day simulation period for the control run is 286 km, while the mean track position error for the SSDA run is drastically reduced to 68 km. It is evident that the overall track simulation is substantially improved by introducing the scale-selective data assimilation. The FDDA run with the full field nudging to the global analyses shows the smallest mean track position error of only 29 km. However, as shown in Figure 3 , which gives the simulated sea level pressure and surface wind at 10 m height for experiments CTRL (Figure 3a) , FDDA (Figure 3b ), and SSDA (Figure 3c ) valid at 1200 UT 29 August 2005 (near the landfall time), the FDDA experiment produced the weakest storm, apparently as a result of nudging the full field from the global analysis. The patterns of sea level pressure and surface wind fields in the control and SSDA experiments are quite similar to each other, except the storm center of CTRL is located far to the east of the storm center simulated by the SSDA experiment.
[19] Following the first type of landfall error in the work of Powell and Aberson [2001] , the landfall position error is defined similarly to the track position error and can be computed by equation (1) based on the simulated and observed landfall positions instead of the simulated and observed storm locations valid at the same time. In this study, the observed landfall of Hurricane Katrina near Buras, LA, at 1110 UT 29 August is used in the comparison. Table 2 gives the landfall position error for each experiment. For the first set of experiments, the landfall position error for the control run (417 km) is much larger than those for the SSDA run (44 km) and the FDDA run (3 km). The landfall location simulated by the control run is near Indian Pass, Florida, between Saint Joseph Bay and Apalachicola Bay.
[20] In terms of simulated overall track error and landfall errors, the FDDA run outperforms others in the first set Figure 2 . Simulated storm tracks of Hurricane Katrina for experiments: curve with circles, CTRL; curve with plus signs, FDDA; curve with letter x, SSDA; curve with letter s, the best track; curve with letter z, the track in GFS analyses. of experiments. However, the simulated storm intensity in the FDDA run is much weaker than those in the CTRL and SSDA experiments (see Figure 4 for the time series of simulated minimum sea level pressure and maximum 10 m wind for each experiment). The reason is that the FDDA constrains the development of the small-scale disturbances due to the nudging of the full fields of the regional model to those of the global analysis, while SSDA allows the small-and regionalscale circulation to develop more freely in the regional model by adjusting only the large-scale circulation. It should be noted that because of the relatively coarse resolution (36 km) used in this study the simulated hurricane intensities in all experiments are still weaker than the observation.
[21] These results show that the SSDA experiment led to a significant improvement in the location of storm track simulation as compared to the control run. In the following section, such an improvement will be explained by further analyses of the impact of SSDA on the large-and small-scale flows in the regional model.
Impact of SSDA on Large-and Small-Scale Flows
[22] To evaluate the effectiveness of SSDA in adjusting the model simulated large-scale flow to the counterpart in GFS analyses, the middle level (the 20th sigma level, about 500 hPa) flows, which are similar to the steering flows, are used in the comparison. Figure 5 shows both the large-scale (with wave numbers of 0-2) and full wind vectors at the 20th sigma level valid at 0000 UT 29 August 2005. The vortex centers in both the large-scale and full wind fields of the CTRL experiment (Figures 5a and 5b) are located to the east of those in the GFS analyses, while the vortex centers in the SSDA run (Figures 5c and 5d) are consistent with the vortex locations in the GFS analyses.
[23] The simulated results are compared to the NCEP NARR data with 32 km resolution (close to the regional model resolution, 36 km) to investigate the effects of SSDA on both large-and small-scale flows. Generally, with the large-scale flow assimilated into the regional model, the large-scale flow in the regional model should be improved directly. In contrast, it is unclear if the small-scale flow in the regional model will also benefit from the assimilated largescale field. Figures 6-8 give the streamlines at 500 hPa for GFS analysis data (first row), CTRL (second row), SSDA (third row), and NARR data (fourth row), with the full (left column), large-scale (middle column), and small-scale (right column) fields, valid at 0000 UT 27-29 August 2005, respectively. On 27 August, from Figure 6 , one can see that in the GFS analyses and NARR full and large-scale flows, there is a strong ridge to the north of the storm that acted as a barrier, preventing the storm from moving northward and steered the storm to the west. In the CTRL experiment, however, an anticyclonic vortex is located to the east of Hurricane Katrina, which steered the storm to curve northward. With the assimilation of the large-scale flow into the regional model, the SSDA experiment reproduced this strong ridge, and the flow pattern was more consistent with those in NARR and GFS analyses. On 28 August, in the large-scale flow, the ridge to the north of the storm broke apart and generated an anticyclonic circulation to the east of the storm. The storm thus began to curve northward both in the SSDA experiment and in the NARR data. In the CTRL experiment (Figure 7e) , the storm was steered by the high-pressure system to its right, which maintained the storm's northward track, with its center located to the east of those in GFS analyses, NARR data, and the SSDA results. On 29 August, the storm continued moving northward due to the steering of the high-pressure system to its east (see left and middle columns in Figure 8 ). But in the control run, the high-pressure system is located to the southeast of the storm, allowing the storm to curve eastward. The patterns in the large-scale and full fields in GFS analyses, NARR reanalyses, and the simulated results of SSDA experiment are quite similar to each other. From these results, one can conclude that the SSDA experiment can efficiently ingest the large-scale flow information from the global analyses into the regional model by the SSDA procedure.
[24] Table 3 lists the root mean square differences (RMSD) at 500 hPa between CTRL/SSDA experiments and NARR reanalyses for the full, large-scale, and small-scale wind components, valid at 0000 UT 27-29 August 2005. For each time, not only the errors of the large-scale and full wind components from the SSDA run are smaller than those from the CTRL run but also the errors of the small-scale wind components from the SSDA run are reduced compared to those from the CTRL run. The 3 day averaged RMSD for the full wind components is reduced from 4.24 (CTRL run) to 2.51 m s −1 (SSDA run), corresponding to a 41% reduction. The averaged RMSD for the large-and small-scale wind components decreased from 2.97 to 1.67 m s −1 and from 2.96 to 1.85 m s −1 , corresponding to an improvement of 44% and 37%, respectively. Therefore both large-and small-scale flows in the regional model benefited from the SSDA procedure by assimilating large-scale flow from the global analyses into the regional model.
Sensitivity to Domain Position
[25] In the second set of experiments, two different model domains (D1 and D2 in Figure 1 with D2 shifting 4°to the west of D1) are chosen to investigate the sensitivity of the simulated storm track to domain position. In conventional boundary nesting-down simulations, domain "tuning" is an important step in storm track simulation. The SSDA scheme is expected to reduce the sensitivity of the model results to model domain settings. Figure 9 gives the simulated storm tracks for the second set of experiments compared with the best track from NHC. The simulated storm tracks in both control runs curved northward earlier than the best track, leading to landfalls at locations much east to the actual location. In addition, because of the different domain positions, obvious differences exist in the simulated storm tracks between the two control runs (CTRL1 and CTRL2), suggesting the presence of unwanted model bias resulting from the uncertainty in the model domain setting. However, the application of the SSDA procedure in the two SSDA runs (SSDA1 and SSDA2) reduced the model uncertainty and reproduced the storm tracks that converged toward the best track. Table 4 gives the simulated storm track position error for the second set of experiments. It shows that the mean storm track position errors for CTRL1 and CTRL2 are reduced from 120 and 96 km to 44 and 42 km for SSDA1 and SSDA2, in which the difference (2 km) between SSDA1 and SSDA2 is negligible. In addition, it is shown from Table 2 that the landfall position errors for SSDA1 (31 km) Figure 4 . Time series of (a) the simulated minimum sea level pressure and (b) the maximum 10 m wind for each experiment. Best track data are also shown for comparison. and SSDA2 (49 km) are very close, whereas much smaller than those for CTRL1 (238 km) and CTRL2 (178 km). Thus this set of experiments demonstrates that introducing the SSDA scheme could reduce the unwanted sensitivity of the simulated storm tracks to the selection of domain, resulting in a more robust and reliable model simulation.
Concluding Remarks
[26] The accuracy of TC track forecasts has steadily improved in the past few decades, but reducing the track forecast error remains a top priority in TC forecasting in order to improve evacuation planning and disaster mitigation. It is also the primary source of uncertainty for storm surge and wave forecasts. In this study, the large-scale wind components from global analyses are ingested into a limited-area NWP model using an SSDA approach to improve TC track simulation. The idea of the SSDA approach is similar to spectral nudging [Waldron et al., 1996; von Storch et al., 2000] , driving the regional model from the model domain interior in addition to conventional boundary forcing.
[27] The results from the Hurricane Katrina case study show that in terms of overall track position errors and landfall errors, the TC track forecasts are notably improved when the SSDA approach assimilates the large-scale information from GFS analyses into the regional model. Comparing the simulated results to the NARR reanalysis data, both large-and small-scale flows benefited from the SSDA procedure. The results indicate that correcting the bias of the large-scale circulation in the track forecast model by the SSDA approach can potentially lead to an improved simulation of TC tracks. A comparative study between the SSDA approach and the analysis-nudging FFDA method was also performed. The FDDA procedure plays a similar role in fitting the regional model fields to the global analyses. However, since the fitting by the FDDA method is performed on all scales of the model circulation, it placed a strong constraint on the development of the small-scale circulation in the regional model and degraded the simulated storm intensity. Indeed, although the FDDA procedure produces a smaller track error, it compromises the model with a much weaker storm center due to overfitting of the poorly resolved small-scale flows of the global solution into the regional model.
[28] Because the conventional model grid nesting procedure of prescribing lateral boundary condition alone could yield nonunique model solutions due to an ill-posed mathematical boundary condition problem, its simulated TC tracks are usually sensitive to model domain settings, even if the model resolutions are kept identical. The SSDA procedure exerts a stronger control of the interior model solution by the large-scale component of the well-posed global model solution and thus reduces the uncertainty and sensitivity of the model solution to the domain selection.
[29] In summary, the SDDA procedure is an effective method to construct a nested global-regional modeling system that increases the accuracy of both the large-and regional-scale solutions and reduces model sensitivity to model domain settings and configurations when provided with an accurate global simulation of the large-scale circulation. Such a nested grid system constructed with the SSDA procedure outperforms its counterpart using the traditional grid nesting procedure of prescribing the initial and lateral boundary conditions for the regional model. It should be noted that although the results presented in this paper demonstrated the potential benefit of SSDA in LAM-based numerical weather forecasting through a single hurricane case, additional studies for both TC and non-TC cases need to be conducted to draw general and definitive conclusions. Figure 9 . Simulated storm tracks from the second set of experiments: curve with circles, CTRL1; curve with asterisks, SSDA1; curve with plus signs, CTRL2; curve with letter x, SSDA2; curve with letter s, the best track; curve with letter z, the track in GFS analyses.
